This paper proposes the P-1 radiation model for the calculation of low voltage arc plasma. The influence of both emission and self-absorption are taken into account in this model. Based on the couple of electric field, magnetic field, flow field and thermal field, a threedimensional arc chamber model is constructed and its radiation energy is calculated by the P-1 model with the spectrum divided into six bands. From the obtained distributions of temperature, incident radiation intensity, plasma velocity and current density by P-1 model, it is observed that temperature is obviously different from the result by net emission coefficient (NEC) method in the low temperature region. Arc column edges near the arc root also absorb radiation energy. Furthermore, compared with the result by NEC method, the arc column voltage calculated by P-1 model is lower and more close to the experimental result.
Introduction
In recent years, the simulation has become an effective approach to investigate the arc behaviors. Since the radiation is the dominative energy exchange mechanisms in low-voltage plasma arc, in which the temperature of the region of arc column is up to more than 2,000 K, it becomes vital to the modeling of arc radiation. Many published papers [1] - [8] contributed to the study of the radiation model. Liebermann and Lowke's paper [1] , [2] introduced NEC method to calculate radiation transfer in arc plasma in the 1970's. However, it only takes account of the emission at the center of the plasma, and ignores the self-absorption in the lowtemperature region, which leads to the weak accuracy at the arc edge. The papers [3] , [4] propose the semi-empirical method with the two-dimensional SF6 nozzle arcs model. It supposes that the arc core region (T > 0.83T max ) is depend on the net emission method, the arc edge region (T < 0.83T max and T > 4,000 K) is re-absorption layer in which net emission is negative, and no radiation energy exchange in the region (T < 4,000 K). About 80% of the radiation flux at the arc core region is absorbed in the reabsorption layer. The semi-empirical approximate model based on NEC is good agreement with the experiments and has low computation cost, whereas it is only applied to the special SF6 nozzle arc model because of the close correlation between given empirical parameter and simulation model. Albrecht and Lowke's paper [5] describes the partial characteristics method which assumes the temperature distribution is linear between the point of observation and the origin of a particular ray of radiation. The method of partial characteristics will track the cells along each ray passing and find out the length of the ray in each cell. This is a quite complex operation and will obviously increase the computation cost. Another approximate method is the P-1 radiation model [6] , which takes into account the effect of absorption and emission. Gleizes divides the spectrum of SF6 into five bands [4] , [7] , and calculate the mean absorption coefficient of each band as a function of temperature and pressure. The multi-bands P-1 radiation model reduces the computational cost and has been applied to the simulation of SF6 nozzle arc [4] , [7] and high intensity discharge lamp [8] . However, there are no literatures to discussing low-voltage arc using the P1 radiation model as yet. For this paper, the six bands P-1 radiation model is introduced into the calculation of low voltage arc plasma. It takes both the radiation emission and self-absorption into account, and avoids the shortcoming of the previous NEC model. The mathematical descriptions of arc plasma with P-1 radiation model, and radiation boundary condition are shown in Sect. 2. According to P-1 radiation model, the distributions of temperature, radiation energy flux, and flow field are presented in Sect. 3. Since the character of electric circuit strongly depends on the arc voltage, which is a primary parameter to the switch devices, especially in currentlimiting circuit breakers, the calculated and experimental results of arc voltage are discussed in details and the validity of the P-1 radiation model in air arc is certified in Sect. 4.
Mathematical Model

Hypotheses
The following assumptions are adopted in this paper.
(1) Typically, the air electric arc in our study is approximately atmospheric pressure and order of 10,000 K temperature, with the electron and ion number densities of about 10 23 m −3 [9] . There is a strong collision coupling for exchange of energy between electrons and heavy particles including chemical reactions such as ionization and recombination in air arc. Generally speaking, it can be classified as one kind of thermal plasmas. Since thermal plasmas that approach a state of local thermodynamic equilibrium (LTE) reveal temperature around 10 4 K and pressure exceed 10 kPa [10] , so it is generally acceptable that air arc plasma is in the assumption of LTE in many literatures [11] - [17] . According to the Reynolds number less than 10 in the air arc plasma [14] , [15] , the assumption of the laminar flow can be generally accepted in the modeling of the arc plasma [3] , [4] , [9] , [14] , [15] , [17] .
(2) Since the low current are chosen and the time of arc burning is about several tens millisecond, there is little ablation of electrode and chamber sidewalls, and slight modification in physical-chemical properties of the arc plasma. Therefore the metal vapors or other mixture gas generated by the ablations of electrode and chamber sidewalls are ignored in this paper. And the calculation domain in this paper is focused on the region of arc column and not includes the electrode region, therefore the space charges, which only exist in the thin layer 10 −7 to 10 −6 m thick of cathode and anode region [15] , [16] , is ignored. Moreover, the induced current is given by the transient terms in Maxwell's equations. It can be assumed for electric arc that the induced current is small compared to the injected current from the circuit [15] , [17] . For the modeling of arc plasma, such assumptions are widely used in published papers [12] , [13] , [15] - [17] .
(3) In this paper, the air spectrum is divided into six bands. For each bands, there are small variance of absorption and scattering coefficients with wavelength. Thus in P-1 radiation model the air arc medium can be assumed as gray body, which has absorption and scattering coefficients independent of wavelength [10] .
Governing Equations
The hydrodynamic description of arc plasma shows the gas flow and the energy transport in the arc chamber. It is determined by the conservation law of the mass, momentum and energy.
(1) Mass conservation equation
(2) Momentum conservation equation
(3) Energy conservation equation
In above equation, ρ is gas density, p pressure, η dynamic viscosity, h enthalpy, λ thermal conductivity, c p specific heat, σ electrical conductivity, E electrical field intensity, σE 2 Joule heat, q rad radiation energy and q η is viscous dissipation heat. S i , S h and v i (i = x, y, z) is the momentum, energy source term and velocity component in x, y, z coordinate. V, J and B is velocity vector, current density, magnetic flux density, respectively. Because coupling of electrical field and magnetic field, the electromagnetic processes can be described by Maxwell equations.
where φ is electric potential. The current density J is given by
The magnetic field B is obtained through calculating the curl of magnetic potential vector A as follows
with µ air magnetic permeability, j i (i = x, y, z) current density. In the Eq. (4), the NEC method assumes that the radiation energy q rad can be defined by net emission coefficient ε n .
Unlike the NEC method, the P-1 radiation model takes account of the absorption and scattering. In order to reduce the complexity of the calculation, the air spectrum band ranged from the ultraviolet to the infrared (30 − 4,500 nm) is divided into six bands by Gleizes 
where B i is Planck's function of the band i. The whole radiation loss can be obtained by
2.3 Geometry and Boundary Conditions
As Fig. 1 shows, we build a three-dimensional arc chamber model in Cartesian coordinates, which is enclosed by copper electrodes and insulating material sidewalls with air filled. The size of chamber is 30 mm × 6 mm × 6 mm in the x, y, and z direction, and the origin of coordinate is at the center of chamber. Assuming the outside temperature T 0 of sidewalls is room temperature 300 K, and the temperature boundary condition on the surface of inner sidewalls can be defined by
where λ w is thermal conductivity of the wall material, T is inner sidewall temperature, d is thickness of sidewall. However, the heat flux transferred from the arc plasma into the electrode is defined by the temperature gradient. The current density at the interface between cathode and arc plasma is defined by the Richardson's law for thermionic emission mechanism [18] and is mainly depended on the total arc current and temperature of interface elements [15] . Thus we take the anode-arc interface as a collector for negative particles. And the magnetic potential vector is zero at the region far from the arc chamber. The flux of incident radiation at a wall q r,w are defined as
where n is normal vector of boundary face. And q r,w can be calculated by the following Marshak boundary condition of P-1 radiation model [19] . Since this paper divides the air spectrum band into six bands (i = 1, 2, · · · , 6), the parameters Γ and incident radiation intensity G in boundary conditions are also related with the band i. In order to make the expression concise, the subscript i of Γ and G is omitted in the Eqs. (17), (18), · · · , (23) and Fig. 2 . 
where e w is the wall emissivity, a is the Stefan-Boltzmann constant, T w is the surface temperature at the centroid of boundary cell surface, G w is the incident radiation intensity at a wall. However, the Marshak boundary condition should be simplified because Eq. (18) is the Cauchy boundary condition which brings the difficulties of solution convergence. Assuming the general hexahedral cell close to the boundary is shown in Fig. 2 , G w , G 0 is evaluated at the boundary face centroid and the adjacent cell centroid, − → ds is the vector that connects the cell centroid with the face centroid. Assuming that the gradient of scalar G in the cell is available and evaluated at the cell centroid, and G 1 is at the orthogonal point between the line through cell centroid and the reverse direction extension line of outward normal vector n of boundary face, the value of incident radiation can be defined by
where − → dr is the vector connecting the cell centroid with the above orthogonal point. For the vector relationship in Fig. 2 , the following equations is obtained
where − → dl is the vector connecting orthogonal point with the boundary face centroid. Combining Eqs. (18), (20) , (21) , and (22) and eliminating G 1 , − → dr and − → dl, the Dirichlet boundary condition can be obtained by
Eq. (23) can be applied for the incident radiation equation boundary conditions. 
Simulation Result
During the simulation of steady state, the governing equations mentioned above are solved by the modified CFD software FLUENT [20] . The plasma physical properties are necessary to the arc modeling. Many researchers [9] , [21] , [22] devotes to the calculation of such physical properties. In this paper, the mean absorption coefficients of 101,325 Pa air, in which the spectrum has been divided into six bands by Gleizes, are shown in Fig. 3 , and other plasma properties (ρ, η, λ, c p , σ) are taken from literature [21] . Since the low current has a weak ablation effect on the electrode and sidewall, thus few metal vapors and other mixture gas will escape into the air plasma and physicalchemical properties of the arc plasma be modified slightly. Moreover, the magnetic field from the current in the arc runners and the surrounding circuit is no longer be neglected at high current level [17] , which will destroy the steady state of arc in experiment. This will bring the more trouble to the comparison between measurement and simulation results of steady state. Therefore the current of 200 A located at the center of the chamber is adopted in this paper.
For the simulation of steady state by P-1 radiation model with over 40,000 cells in this paper, the computational time on an Acer Veriton 7500 PC (Pentium IV, CPU clock: 2,400 MHz) is about 12 hours. By contrast, the CPU time is about 7 hours for the calculation by NEC method in the same condition. Figure 4 shows the temperature distribution of stationary plasma of the x − y plane (z = 0). It is obvious to see that the plasma temperature reduces from the arc center to the surrounding. The arc column near electrodes has a shrink trend and the temperature near the electrodes is relatively lower than the arc column because of the limitation of the lower temperature on the electrode surface. Fig. 4 Contour of temperature at x − y plane (z = 0) calculated using (a) the P-1 radiation model (b) the NEC method, the unit is Kelvin.
Distribution of Temperature
Fig. 5
Contour of radiation energy density calculated using P-1 radiation model at x − y plane (z = 0), the unit is W/m 3 .
As mentioned above, the P-1 model not only takes account of the radiation dissipation in the high temperature region, but the radiation self-absorption in low temperature region, which is not considered in the NEC method. Although there is similar high temperature distribution in the arc plasma core, the arc column expands obviously 'fatter' and the temperature in the region far from arc core using P-1 model is higher than the one using the NEC method. It means that the cross section of the arc plasma from P-1 model is wider than NEC method.
Distribution of Radiation Energy
The incident radiation intensity distribution of each band can be obtained using the P-1 model. According to Eq. (15), the radiation energy density on x − y plane (z = 0) are presented in Fig. 5 . The positive value region indicates radiation energy emits outward, and the negative value region means energy absorbed. It is clear to see that the radiation energy emits intensely in the region near the arc core, and is absorbed by the low temperature region, which causes the temperature difference between Fig. 4(a) and Fig. 4(b) . The radiation energy is also absorbed in the region near the electrode surface.
It is necessary for the study of ablation to obtain the radiation energy projecting on the chamber sidewall. Therefore the flux of the incident radiation on the sidewall (ABCD-plane in Fig. 1 ) is investigated, which is shown in Fig. 6 . Although the maximum temperature exists in the region near the arc root as shown in Fig. 4 , the higher radiation flux on this plane is not in such region, but in the region near the center of this plane. Furthermore, the less radiation flux is in the region far from the arc column. Fig. 6 The flux of incident radiation on chamber sidewall (x − y plane, z = 3 mm) using P-1 radiation model, the unit is W/m 2 .
Fig. 7
Plasma flow field with the velocity vector calculated using P-1 radiation model when temperature is above 5,000 K.
Plasma Flow
As Fig. 7 shows, the plasma flow velocity vector with the temperature contour (T > 5, 000 K) presents the plasma flow field for the stationary state using P-1 model. It is clear to see that the arc plasma jets from near cathode and anode electrodes meet with each other at the near x − z plane (y = 0), where the jets turns gradually from y direction to the direction along x − z plane. This flow filed causes an obvious extension in the middle of arc column. The maximum velocity is about 192 m/s and be observed in the arc column center. In addition, the lower temperature gas flows into the arc column along the electrode surface, and cools it to some extent. It also can be used to explain the arc root shrink trend near the electrode in Fig. 4. 
Electric Potential and Current Density
As shown in Fig. 8 , the current density on the electrode and the transverse cross section (y = 0) can be obtained by Eq. (8) . The maximum value of current density is about 1.19E8 A/m 2 and 1.33E7 A/m 2 on the electrode surface and the transverse cross section (y = 0). In comparison with the result in Fig. 4 , main current passage is located in the high temperature region, since electric conductivity is changed with the variation of temperature and the higher current den- sity contributes to more Joule heat. In addition, the high current density leads to intensive self-induced magnetic force near the arc root, which has a constrictive trend to drive arc plasma near the arc root into center and also contribute to the plasma jet flow in the arc chamber.
For the design of low voltage switch devices, especially current limiting breakers, the arc voltage is a very important parameter, which has strong influence on the character of electrical circuit. Therefore the accuracy of arc voltage is vital to arc simulation. Figure 9 shows the electric potential contour of arc column in the x − y plane (z = 0) for stationary state using P-1 model. The contour is symmetric distribution and the value is opposite with the x − z plane as a result of the assumed electrical boundary condition in this paper. Although such condition is different from the one in literature [23] , the contour of potential in Fig. 9 has the similar form to the result in above literature and the current path constricted near the electrode can be deduced from both contours, which is also observed clearly in the experiment. Moreover, the arc column voltage calculated by P-1 model (22.2 V) is lower than by NEC method (24.9 V). Taking account of the self-absorption, the temperature distribution in Fig. 4 shows that the arc column calculated by P-1 radiation model expands more obviously. The wider arc column means that the cross section of current passage is larger, and smaller electrical resistivity will be provided. Hence the lower arc column voltage can be obtained by P-1 model.
Experimental Result and Discussion
Experiment
The experimental work is carried out with the designed model arc chamber. It is made up of Polytetrafluoroethylene (PTFE) and has the same size with above simulated chamber. The electrode material is copper. For optical observations, the front sidewall is made up of transparent material. Figure 10 illustrates the schematic diagram of experimental setup for occurrence of the arc. The arc shape is recorded by a KODAK EKTAPRO hi-spec motion analyzer (12,000 frames/second) and the arc voltage and current are recorded by the Tektronix TDS460A oscillograph. The arc is ignited by copper wire with the diameter of 0.1 mm. When K is closed, a current with 200 A can be supplied by the current source.
After ignition, the arc column goes through a transient evolution about several milliseconds and finally tends to a quasi-stable steady state, as shown in Fig. 11 . Since what is concerned in this paper is the steady burning arc, we just select four graphs (corresponding to the time t1 = 35.7 ms, t2 = 41.7 ms, t3 = 46.9 ms, t4 = 52.3 ms shown in Fig. 11(b) and Fig. 11(c) ) in such state from the recorded photographs. There are slight differences between the graphs at the times t1-t4, which is mainly caused by the minor leakage magnetic field generated by the surrounding circuit in experiment. The ablated change of the electrode surface also disturbs the steady state to some extent. From  Fig. 11 , the arc voltage in stationary state is about 35.4 V under 200 A arc current.
Discussion
The total arc voltage is composed of two parts: arc column voltage and electrode fall voltage. For copper electrode in atmosphere, electrode fall voltage is 16.5 V which almost independence on current in a wide scope [24] . Hence the arc column voltage in above experiment is 18.9 V (= 35.4 V−16.5 V). Comparing with the above calculated result in Sect. 3.4, the calculated voltage of arc column by P-1 model (22.2 V) is more close to the experimental result than the one by NEC method (24.9 V). Some literatures [25] have similar conclusion which the calculated voltage by NEC method is quite higher than the measured result. Although the experimental arc column voltage is more consistent with the result by P-1 model, there is still some difference of 3.3 V between them. Two factors may lead to such difference. Firstly, although the plasma physical properties in Sect. 3 has reasonable agreement with the experimental values [11] , such acceptable level of inaccuracy will still bring on the above voltage difference more or less. With the improvement on the accuracy of plasma physical properties, the relevant simulation will make better calculation result. Secondly, the study of arc simulation is still in the stage of improvement. The imperfection of arc model, such as boundary condition, also results in such calculation difference. Some research work should be carried on to perfect the arc model in the future.
Conclusion
The six bands P-1 radiation model is proposed in this paper to the air arc simulation. The distributions of temperature, radiation energy flux, and flow field has been investigated by constructing three-dimensional electric arc with this model. Comparing P-1 model with NEC method, the obvious temperature difference is discussed in details. It is noticed that arc column expands obvious wider and column edges near the arc root also absorb radiation energy by P-1 model. The arc column voltage calculated by P-1 model is lower than the one by NEC, and more close to the experimental result. Moreover, the flux of incident radiation in the sidewall is also investigated, which is helpful to future research of arc ablation. Being more accurate and independence on model structure, the P-1 radiation model may be flexibly applied in the future study for the low-voltage switching.
Zhiqiang Sun
was born in Gansu Province, P.R. China, on November 24, 1978 
